
Red Blood Cells, Anemia, and
Polycythemia

With this chapter we begin discussing the blood cells
and cells of the macrophage s_tsrern and lymphatic s1^s-
tern. We first present the functions of red blood cells,
which are th€ most abundant of all the cells of the blood
and are necessary for delivery of oxygen to the tissues.

I
RED BLOOD CELLS (ERYTHROCYTES)

The major function of red blood cells, also known as
erythrocytes, is to transport hemoglobin, which in turn
carries oxygen from the lungs to the tissues. In some
lower animals, hemoglobin circulates as free protein in
the plasma, not enclosed in red blood cells. When it is
free in the plasma of the human being, about 3 per cent
of it leaks through the capillary membrane into the tis-
sue spaces or through the glomerular membrane of the
kidney into the glomerular filtrate each time the blood
passes through the capillaries. Therefore, for hemoglobin
to remain in the blood stream, it must exist inside red
blood cells.

The red blood cells have other functions besides
transport of hemoglobin. For instance, they contain a
large quantity of carbonic anhydrase, which catalyzes
the reversible reaction between carbon dioxide and wa-
ter, increasing the rate of this reaction several thousand-
fold. The rapidity of this reaction makes it possible for
the water of the blood to transport €normous quantities
of carbon dioxide from the tissues to the lungs in the
form of the bicarbonate ion (HCO, ). Also, the hemo-
globin in the cells is an exceller't ocid-base buffer (as is
true of most proteins), so that the red blood cells are
responsible for most of the acid-base buffering power of
whole blood.

Shape and Size of Red Blood Cells. Normal red blood
cells, shown in Figure 32-3, are biconcave discs having
a mean diameter of about 7.8 micrometers and a thick-
ness at the thickest point of 2.5 micrometers and in the
center of I miclometer or less. The average volume of
the red blood cell is 90 to 95 cubic micrometers.

The shapes of red blood cells can change remarkably
as the cells squeeze through capillaries. Actually, the red
blood cell is a "bag" that can be deformed into almost
any shape. Furthermore, because the normal cell has a
great excess of cell membrane for the quantity of mate-
rial inside. deformation does not shetch the membrane
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greatly and, consequently, does not rupture the cell,
would be the case with many other cells.

Concentration of Red Blood Cells in the Blood.
normal men, the average number of red blood cells
cubic millimeter is 5,200,000 (a 300,000) and in
women, 4,700,000 (* 300,000). Persons living at
altitudes have greater numbers of red blood cells.
is discussed later.

Quantity of Hemoglobin in the Cells. Red blood
have the ability to concentrate hemoglobin in the
fluid up to about 34 g/dl of cells. The
does not rise above this value because this is a
bolic l imit of the cell 's hemoglobin-forming
Funhermore. in normal people. the percentage of
globin is almost always near the maximum in each
However, when hemoglobin formation is deficient,
percentage of hemoglobin in the cells may fall
ably below this value, and the volume of the r€d
may also decrease because of diminished
fi ll the cell.

When the hematocrit (the percentage of the blood
is cells-normally 40 to 45 per cent) and the
of hemoglobin in each respective cell are normal,
whole blood of men contains an averase of 16
hemoglobin per deciliter and of women, an
14 e/dl. As discussed in connection with blood
of oxygen in Chapter 40, each gram of pure
is capable of combining with 1.39 mill i l i ters of
Therefore, in a normal man, more than 2l
oxygen can be carried in combination with
in each deciliter of blood. and in a normal
milliliters of oxygen can be carried.

Production of Red Blood Cells

Areas of the Body That Produce Red Blood
the early few weeks of embryonic life, primitive,
ated red blood cells are produced in the rol,t rac.
ing the middle trimester of gestation, the /ifdr
main organ for production of red blood cells,
reasonable numbers of red blood cells are also
in the spleen and lv"mph aodes. Then, during
month or so of gestation and after birth, red blod
are Droduced exclusivelv in the bone marrow,
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rates ol red blood ccll production in the bonc narrow of
boner al difierent agcs.

demonstraled in Figure 32 l. the brrne marrow ()l '
all bones produces red blood cells until a

is 5 years old; but the marrow of the long bones,
for the proximal portions of the humeri and tib-

becomes quite fatty and produces no more red
cells after about age 20 years. Beyond this age,

red cells are produced in the marrow of the mem-
bones, such as the vertebrae, sternum, ribs, and

Even in these bones, the marrow becomes less
lve as age lncleases.

ot Blood Cel ls

Hematopoietic Stem Cells, Growth In.
and Differentiation Inducers. ln rhe red cell-

bone marrow are cells called pluripotential

of the multiple di*ercnl
blood cells liorn the ori!-

hemrtopoieric

hematopoietic stem ulls, fiom which all the cells in the
circulating blood are derived. Figure 32-2 shows the
successive divisions of the pluripotential cells to lbrm
the different peripheral blood cells. As these cells repro-
duce, continuing throughout l i fe, a small ponion of
them remains exactly l ike the original pluripotential
cells and is retained in the bone manow to maintain a
supply of these, although their numbers do diminish
with age. Most of the reproduced stem cells, however,
differentiate to form the other cells shown to the richt in
Figure.r2-2. The early offspring cells \ri l l  cann;t be
recognized as different tiom the pluripotential stem
cells, even though they have already become committed
to a panicular line of cells and are called committed
sten tells.

The diflerent committed stem cells, when grown in
culture, wil l produce colonies of specitic types of blood
cells. A committed stem cell that produces erythrocytes
is called a u ony--forming unit - en throcrte, and the ab-
breviation CFU-E is used to designate this type of stem
cell. Likewise, colony-fbrming units that lbrm granulo-
cytes and monocytes have the designation CFU-CM,
and so tbrth.

Growth and reproduction of the ditterent stem cells
are controlled by multiple proteins called growth iruluc-
ers. Four major growth inducers have been described,
each having different characteristics. One of these, inler-
/eztin-3, promotes growth and reproduction of virtually
all the dillbrent types of stem cells. whereas the others
induce growth of only specific types of committed stem
cells.
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The growth inducers promote growth but not differen-
tiation of the cells. This is the function of still another
set of proteins called differentiation inducers. Each of
these causes one type of stem cell to differentiate one or
more steps toward a final type of adult blood cell.

Formation of the growth inducers and differentiation
inducers is itself controlled by factors outside the bone
marrow. For instance, in the case of red blood cells,
exposure of the body to low oxygen for a long time
results in growth induction, differentiation, and produc-
tion of greatly increased numbers of erythrocytes, as we
discuss later in the chapter. In the case of some of the
white blood cells, infectious diseases cause growth, dil'-
ferentiation, and eventual formation of specific types of
white blood c€lls that are needed to combar the infec-
uon.

Stages of Differentiation of Red Blood Cells

The first cell that can be identified as belonging to the
red blood cefl series is the proerythroblasr, shown in
Figure 32-3. Under appropriate stimulation. large num-
bers of these cells are formed from the CFU-E stem
cells.

Once the proerythroblast has been formed, it divides
multiple times, eventually forming many mature red
blood cells. The first-generation cells are called basophil
erythroblasts because they stain with basic dyes; the cell
at this time has accumulated very little hemoglobin. In
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the succeeding generations, as shown in Figure
the cells become fi l l€d wirh hemoglobin to a
tion of about 34 D€r cent. the nucleus condens€s
small size. and its final remnant is extruded
cell. At the same time, the endoplasmic
reabsorbed. The cell at this stase is called a
because it still contains a small amount of
material, consisting of remnants of the Golgi
mitochondria, and a few other cytoplasmic
During this reticulocyte stage, the cells pass fron
bone marrow into the blood capillaries by
(squeezing through the pores of the capillary
brane).

The remaining basophil ic material in rhe
normally disappears within I to 2 days, and the
then the mature ery-throclte. Because of the short
the reticulocytes, their concentration among all
cells of the blood is normally slightly less thar I
cent.

Regulation of Red Blood Cell Production-Role
of Erythropoietin

The total mass of red blood cells in the
system is regulated within narrow limits, so
adequate number of red cells is always
provide suf{icient transport of oxygen from the
the tissues, yet the cells do not become so
that they impede blood flow. What we know
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ofde ery$ropoietin mechanism to increase production of
c€lls when various factors decrease tissue oxygenation.

mechanism is diagrammed in Figure 32-4 and
follows.

Orygenation as the Most Essential Regulator
Blood Cell Production. Any condition that

lhe quantity of oxygen transponed to the tissues
ordinarily increases the rate of red blood

Thus. when a oerson becomes ex-
urcmic as a result of hemorrhage or any other

lhe bone marrow immediately begins lo pro-
large quantities of red blood cells. Also, destruc-

major portions of the bone marrow by any
especially by x-ray therapy, causes hyperplasia
reinaining bone marrow, thereby attempting to
th demand for red blood cells in the body.

wy high altitudes, where the quantity of oxygen
rir is greatly decreased, insufficient oxygen is

to the tissues. and red cell Droduction is
increased. lt is not lhe concentration of red

in the blood that controls the rate of red cell
but the functional ability of the red cells to

oxygen to the tissues in relation to the tissue
for oxygen.

diseases of the circulation that cause de-
blood flow through the peripheral vessels, and

those that cause failure of oxygen absorption
blood as it passes through the lungs, can also
the rate of red cell production. This is espe-

in prolonged cardiac failure and in many
because the tissue hypoxia resulting from

increases the rate of red cell oroduc-
a resultant increase in th€ hematocrit and

lhe total blood volume as well.

Its Function to Stimulate Red Cell Pro-
d lts Formation in Response to Hypoxia,

factor that stimulates red blood cell oro-
low oxygen states is a circulating hormone

weight of about 34,000. In the absence of erythropoie-
tin, hypoxia has little or no effect in stimulating red
blood cell production. Conversely, when the erythropoi-
etin system is functional, hypoxia causes marked in-
crease in erythropoietin production, and the erythropoie-
tin in turn enhances red blood cell Droduction until the
hypoxia is relieved.

Role of the Kidneys in Formation of Erythropoietin.
In the normal person, about 90 per cent of all erythro-
poietin is formed in the kidneys; the remainder is
formed mainly in the liver. It is not known exactly
where in the kidneys the erythropoietin is formed. One
likely possibility is that the renal tubular epithelial cells
secrete the erythropoietin because anemic blood is un-
able to deliver enough oxygen from the peritubular cap-
illaries to the highly oxygen-consuming tubular cells,
thus stimulating erythropoietin production.

At times, hypoxia in other parts of the body but not
in the kidneys will also stimulate kidney erythropoietin
secretion, which suggests that there might be some non-
renal sensor that sends an additional signal to the kid-
neys to produce this hormone. In particular, both nor-
epinephrine and epinephrine and several of the
prostaglandins stimulate erythropoietin production.

When both kidneys are removed from a person or
when the kidneys are destroyed by renal disease, the
person invariably becomes very anemic because the l0
per cent of the normal erythropoietin formed in other
tissues (mainly in the liver) is sufficient to cause only
one third to one half as much red blood cell formation
as needed by the body.

Effect of EMhropoietin in Erythrogenesis. When an
animal or a p€rson is placed in an atmospher€ of low
oxygen, erythrcpoietin begins to be formed within min-
utes to hours, and it reaches maximum production
within 24 hours. Yet almost no new red blood cells
appeiu in the circulating blood until about 5 days later.
From this fact, as well as still other studies, it has been
determined that the important effect of erythropoietin is
to stimulate the production of proerythroblasts from he-
mopoietic stem cells in the bone marrow. In addition,
once the proerythroblasts are formed, the erythropoietin
causes these cells also to pass more rapidly through the
different erythroblastic stages than they normally do,
further speeding up the production of new cells. The
rapid production of cells continu€s as long as the person
remains in the low oxygen state or until enough red
blood cells have been produced to carry adequate
amounts of oxygen to the tissues despite the low oxy-
gen; at this time, the rate of erythropoietin production
decreases to a level that will maintain the required num-
ber of red cells but not an excess.

ln the absence of erythropoietin, few red blood cells
are formed by the bone marrow. At the other extreme,
when large quantities of erythropoietin are formed and
if there is plenty of iron available and other required
nutrients, the rate of red blood cell production can rise
to perhaps l0 or more times normal. Therefore, the
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of the erythropoietin mechanism 1o increase production of
blood cells when various factors decrease tissue oxvpenation.

mechanism is diagrammed in Figure 32-4 and
follows.

ue Oxygenation as the Most Essential Regulator
Red Blood Cell Production. Any condition that

the quantity of oxygen transported to the tissues
ordinarily increases the rate of red blood

production. Thus, when a person becomes ex-
onemic as a result of hemorrhage or any other

the bone marow immediately begins to pro-
large quantities of red blood cells. Also, destruc-
of major portions of the bone marrow by any

especially by x-ray therapy, causes hyperplasia
remaining bone marow, thereby attempting to
the demand for red blood cells in the body.

very high akitudes, where the quantity of oxygen
air is greatly decreased. insufticient oxygen is

to the tisrues. and red cell oroduclion is
increased. It is not the concantration of red

cells in the blood that controls the rate of red cell
but the functional ability of the red cells to

oxvsen to the tissues in relation to the tissue
for oxygen.

diseases of the circulation that cause de-
blood flow through the peripheral vessels, and

those that cause failure of oxygen absorption
blood as it passes through the lungs, can also
the rate of red cell production. This is espe-

apparent in prolonged cartliac failure and in many
because lhe tissue hypoxia resulting from

conditions increases the rate of red cell produc-
with a resultant increase in the hematocrit and

in the total blood volume as well.

Its Function to Stimulate Red Cell Pro-
and lts Formation in Response to Hypoxia.

factor that stimulates red blood cell oro-
in low oxygen states ir a circulating hormone

weight of about 34,000. ln the absence of erythropoie-
tin, hypoxia has little or no effect in stimulating red
blood cell production. Conversely, when the erythropoi-
etin system is functional, hypoxia causes marked in-
crease in erythropoietin production, and the erythropoie-
tin in turn enhances red blood cell production until the
hypoxia is relieved.

Role of the Kidneys in Formation of Erythropoietin.
ln the normal person, about 90 per cent of all erythro-
poietin is formed in the kidneysi the remainder is
formed mainly in the liver. It is not known exactly
where in the kidneys the erythropoietin is formed. One
likely possibility is that the renal tubular epithelial cells
secrete the erythropoietin because anemic blood is un-
able to deliver enough oxygen from the peritubular cap-
illaries to the highly oxygen-consuming tubular cells,
thus stimulating erythropoietin production.

At times, hypoxia in other pans of the body but not
in the kidneys will also stimulate kidney erythropoietin
secretion, which suggests that there might be some non-
renal sensor that sends an additional signal to the kid-
neys to produce this hormone. In particular, both nor-
epinephrine and epinephrine and several of the
prostaglandins stimulate erythropoietin production.

When both kidneys are remoyed from a person or
when the kidneys are destroyed by renal disease, the
person invariably becomes very anemic because the 10
per cent of the normal erythropoietin formed in other
tissues (mainly in the liver) is sufficient to cause only
one third to one half as much red blood cell formation
as needed by the body.

Effect of Erythropoietin in Erythrogenesis. When an
animal or a person is placed in an atmosphere of low
oxygen, erythropoietin begins to be formed within min-
utes to hours, and it reaches maximum production
within 24 hours. Yet almost no new red blood cells
appear in the circulating blood until about 5 days later.
From this fact, as well as still other studies, it has been
determined that the important efftct of erythropoietin is
to stimulate the production of proerythroblasts from he-
mopoietic stem cells in the bone marrow. In addition,
once the proerythroblasts are formed, the erythropoietin
causes these cells also to pass more rapidly through the
different erythroblastic stages than they normally do,
further speeding up the production of new cells. The
rapid production of cells continues as long as the person
remains in the low oxygen state or until enough red
blood cells have been produced to carry adequate
amounts of oxygen to the tissues despite the low oxy-
genl at this time, the rate of erythropoietin production
decreases to a level that will maintain the required num-
ber of red cells but not an excess.

In the absence of erythropoietin, few red blood cells
are formed by the bone marrow. At the other extreme,
when large quantities of erythropoietin are formed and
if there is plenty of iron available and other required
nutrients, the rate of red blood cell production can rise
to perhaps l0 or more times normal. Therefore, the

Red blood cel ls
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erythropoietin control mechanism for red blood cell pro-
duction is a powerful one.

Maturation of Red Blood Cells- Requirement for
Vi tamin 81, (Cyanocobalam in) and Fol ic Acid

Because of the continuing need to replenish red blood
cells, the erythropoietic cells of the bone manow are
among the most rapidly growing and reproducing cells
of the entire body. Therefore, as would be expected,
their maturation and rate of production are affected
greatly by a person's nutritional status.

Especially important for final maturation of the red
blood cells are two vitamins, vitamin 8,2 and folic acid,
Both of these are essential for the synthesis of DNA
because each in a different way is required for the
formation of thymidine riphosphate, one of the essential
building blocks of DNA. Therefore, lack of either vita-
min 8,, or folic acid causes diminished DNA and, con-
sequently, failure of nuclear maturation and division.
Funhermore, the erythoblastic cells of the bone mar-
row, in addition to failing to proliferate rapidly, produce
mainly larger than normal red cells called macrocytes,
and the cell has a flimsy membrane and is often irregu-
lar, large, and oval instead of the usual biconcave disc.
These poorly formed cells, after entering the circulating
blood, are capable of carrying oxygen normally, but
their fragility causes them to have a short life, one-half
to one-third normal. Therefore, it is said that either
vitamin B,, or folic acid deficiency causes maturqtion

failure in th€ process of erythropoiesis.
The cause of the abnormal cells seems to be as fol-

lows: The inability of the cells to synthesize adequate
quantities of DNA leads to slow reproduction of the
cells. Because of abnormalities of the DNA, the struc-
tural components of the cell membrane and cytoskeleton
are also malformed. which leads to the abnormal cell
shapes and especially the greatly increased cell mem-
brane fragility.

Maturation Failure Caused by Poor Absorption ot vi-
tamin Br2-Pernicious Anemia. A common cause of
maturation failure is failure to absorb vitamin Brt from
the gastrointestinal tract. This often occurs in the disease
pemicious anemiq, in which the basic abnormality is an
qtrophic gastric mucosq that fails to secrete normal gas-
tric secretions. The parietal cells of the gastric glands
secrete a glycoprotein called intrinsic fqctor, which
combines with vitamin B,, in food and makes the B,,
available for absorption by the gut. It does this in the
following way: (l) The intrinsic factor binds tighdy
with the vitamin Br2. In this bound state, the Br2 is
protected from digestion by the gastrointestinal enzymes.
(2) Still in the bound state. the intrinsic factor binds to
specific receptor sites on the brush border membmnes of
the mucosal cells in the ileum. (3) Vitamin B,. is trans-
poned into the blood during the next few hours by the
process of pinocytosis, carying the intrinsic factor and
the vitamin together through the membrane.

Lack of intrinsic factor, therefore, causes loss of
much of the vitamin because of both digestive enzyme
action in the gut and failure of its absorption.

Once vitamin 8,. has been absorbed from the
intestinal tract, it is stored in large quantities in the
and then released slowly as needed to the bone
and other tissues of the body. The minimum amount
vitamin B,, required each day to maintain normal
cell maturation is only I to 3 micrograms, and
normal store in the liver and other body tissues is
1000 times this amount. Therefore.3 to 4 vean
defective Br2 absorption are required to cause
tion failure anemia.

Failure of Maturation caured by Deficiency ol
Acid (Reroylglutamic Acid), Folic acid is a
constituent of green vegetables, some fruits, liver,
other meats. However, it is easily destroyed
cooking. Also. people with gastroinrestinal
abnormalities, such as the frequently occuning
intestinal disease called, sprue, often have serious
culty in absorbing both folic acid and vitamin
Therefore, in many instances of maturation failurc,
cause is deficiency of intestinal absorption of both
acid and vitamin 8,..

Formation of Hemoglobin

Synthesis of hemoglobin begins in the
and continues even into the reticulocvte staee
when the reticulocytes leave the bone marrow and
into the blood stream, they continue to form
quantities of hemoglobin for another day or so.

Figure 32-5 shows the basic chemical steps in
formation of hemoglobin. First, succinyl-CoA,
the Krcbs cycle as explained in Chapter 67, binds
glycine to form a pynole molecule. In turn, four
roles combine to form protoporphyrin IX, which
combines with iron to form the ,lteme molecule.
each heme molecule combines with a long
chain, called a globin, synthesized by the
forming a subunit of hemoglobin called a
chain (Figure 32-6). Each of these chains has a
ular weight of about 16,000; four of them in tum
together loosely to form the whole hemoglobin
cule.

There are several slisht variations in different
hemoglobin chains, depending on the amino acid
position of the polypeptide portion. The different

l. 2 succinyl-CoA + 2 glycine -------.------.' HC

ll. 4 pyrrole+ protoporphyrin lX
'N

n

protoporphyrin lX + Fe++ -------r- heme

lV heme + polyp€plide -------> hemoglobin chain (a or 0)
V 2 o chains + 2 p chains -------)- hemoglobin A

EE@
Formation of hemoglobin.
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Polypeptide
(hemoglobin chain-a or p)

trrture of lhe hemoglobin molecule, showing one of the four
ctrins that bind together to form the hemoglobin molecule.

ar€ designated alpha cfuins, beta chains,
cluins, and delta chains. The most common
hemoglobin in the adult bumar being, henoglo-
is a combination of two alphn chains and two

Hemoglobin A has a molecular weight of

each hemoglobin chain has a heme prosthetic
containing an atom of iron, and because there are

chains in each hernoglobin molecule,
four iron atoms in each hemoglobin molecule;

these can bind with one molecule of oxygen,
a total of four molecules of oxygen (or eight
atoms) that can be transported by each hemoglo-

of the hemoelobin chains determines the
8ffitrity of the hemoglobin for oxygen. Abnor-
of the chains can alter the ohvsical characteris-

tb hemoglobin molecule as well. For instance,
cell anemia, the amino acid yaline is substi-
glummic acid at one point in each of the two

When this type of hemoglobin is exposed
it forms €longated crystals inside the red

that are sometimes 15 micrometers in lensth.
it almost impossible for the cells to pass

small capillaries, and the spiked ends of
arc likely to rupture the cell membranes,
!o sickle cell anemia.

of Hemoglobin with Oxygen. The most
f€atue of the hemoslobin molecule is its abil-

loosely and reversibly with oxygen. This
discusscd in detail in Chaoter 40 in relation to

bccause the primary function of hemoglobin
is its ability to combine with oxygen in the

lhen to release this oxygen readily in the
where the gaseous tension of oxygen is

Oxygen does 
'tot 

combine with the two positive
bonds of the iron in the hemoglobin molecule. Instead,
it binds loosely with one of the so-called coordination
bonds of the iron atom. This is an extremely loose bond
so that the combination is easily reversible. Furthermore,
the oxygen does not become ionic oxygen but is carried
as molecular oxygen, composed of two oxygen atoms,
to the tissues, where, because of the loose, readily re-
versible combination, it is released into the tissue fluids
still in the form of molecular oxygen, rather than ionic
oxygen.

lron Metabolism

Because iron is imponant for the formation of hemoglo-
bin, myoglobin, and other substances such as th€ cyto-
chrcmes, cytochrome oxidase, peroxidase, and catalase,
it is essential to understand the means by which iron is
utilized in the body.

The total quantity of iron in the body averages 4 to 5
grams, about 65 per cent of which is in the form of
hemoglobin. About 4 per cent is in the form of myoglo-
bin, I per cent is in the form of the various heme
compounds that promote intracellular oxidation, 0.1 per
cent is combined with the protein transferrin in the
blood plasma, and 15 to 30 per cent is stored mainly in
the reticuloendothelial system and liver parenchymal
cells, principally in the form of ferritin.

Transport and Storage of lron. Transport, storage, and
metabolism of iron in the body are diagrammed in Fig-
ve 32-7 and may be explained as follows: When iron
is absorbed from the small intestine, it imrnediately
combines in the blood plasrna with a beta globulin,
apotransferrin, to form transferrin, which is then trans-
ported in the plasma. The iron is loosely bound in the
transferrin and, consequently, can be released to any of
the tissue cells at any point in the body. Excess iron in
the blood is deposited in all cells of the body, but
especially in the liver hepatocyes and less in the reticu-
loendothelial cells of the bone marrow. In the receiving
cell cytoplasm, the iron combines mainly with a protein,
apoferritin, to form ferritin. Apoferritin has a molecular
weight of about 460,000, and varying quantities of iron
can combine in clusters of iron radicals with this large
molecule; thereforc, fenitin may contain only a small
amount of iron or a large amount. This iron stored as
ferritin is called storage iron.

Smaller quantities of the iron in the storage pool are
stored in an extremely insoluble form called hemosid-
eriz. This is especially true when the total quantity of
iron in the body is more than the apoferritin storage
pool can accommodate. Hemosiderin forms especially
large clusters in the cells and, consequently, can be
stained and observed microscopically as large particles
in tissue slices. Ferritin can also be stained, but
the feritin pafticles are so small and dispersed that
they usually can be seen only with the electron micro-
scope.

When the quantity of iron in the plasma falls very
low, iron is removed from ferritin quite easily but from
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Blood loss-o.7 mg Fe Fe* absorbed Fe excr€l
daily in mensss (small intesline)

hemosiderin much less easily. The iron is then trans-
poned again in the form of transferrin in the plasma to
the portions of the body where it is needed.

A unique characteristic of the tmnsferrin molecule is
that it binds shongly with receptors in the cell mem-
branes of erythroblasts in the bone manow. Then, along
with its bound iron, it is ingested into the erythroblasts
by endocytosis. There the transferrin delivers the iron
directly to the mitochondria, where heme is synthesized.
In people who do not have adequate quantities of trans-
ferrin in their blood, failure to transport iron to the
erythroblasts in this manner can cause severe hypochro-
mic anemia-that is, red cells that contain much less
hemoglobin than normal.

When red blood cells have lived their life span and
are destroyed, the hemoglobin released from the cells is
ingested by the cells of the monocyte-macrophage sys-
tem. There free iron is liberated, and it is then mainly
stored in the ferritin pool or reused for formation of
new hemoglobin.

Daily Loss of hon. A man excretes about 0.6 milli-
gram of iron each day, mainly into the feces. Additional
quantities of iron are lost whenever bleeding occurs. For
a woman, the menstrual loss of blood brings the iron
loss to an average value of about 1.3 mg/day.

Absorption of lron from the Gastrointestinal Tract

Iron is absorbed from all parts of the small intestine,
mostly by the following mechanism. The liver secretes
moderate amounts of apotansferrin into the bile that
flows through the bile duct into the duodenum. In the
small intestine, the apotransferrin binds with free iron
and also with certain iron compounds such as hemoglo-
bin and myoglobin from meat, two of the most impor-
tant sources of iron in the diet. This combination is
called tansferrin. It in tum is attracted to and binds
with receptors in the membranes of the intestinal epithe-
lial cells. Then, by pinocytosis, the transferrin molecule,
carrying with it its iron store, is absorbed into the epi-
thelial cells and later is released into the blood caoil-
laries b€neath these cells in the form o[ plasma trins-
ferrin.

@
Iron tmnsoort and melabolism,

The rate of iron absorption is extremely slow,
maximum rate of only a few milligrams per
means that when tremendous quantities of
present in the food, only small prcponions of
be absorbed.

Regulation of Total Body lron by controlling
Absorption. When the body has become
iron so that essentially all the apoferdtin in
storage areas is already combined with iron, the
absomtion of iron from the intestinal tract
greatly decreased. Conversely, when the iron
been depleted of iron, the rate of absorption can
accelerated probably to frve or more times as
when the iron stores are normally satwated.
total body iron is regulated to a great extent by
the rate of absorption.

Feedback Mechanisms for Regulating lron
Two mechanisms that play at least some mle in
ing iron absorption are the following: (l) Whcn
tially all the apoferritin in the body has becom
rated with iron, it becomes difficult for
release iron to the tissues. As a conseluence. lh
ferrin, which is normally only one-third
iron. now becomes almost fullv bound with imn"
the transferrin accepts almost no new iron
mucosal cells of the intestines. Then, as a final
this process, the buildup of excess iron in the
cells themselves deDresses active absomtion of
from the intestinal lumen. (2) When the body
has excess stores of iron, the liver de{reases its
formation of aDotransferrin. thus reducins the
tion of this iron-transponing molecule in the
the bile. Thereforc, less iron is absorbed by thc
nal apotransferrin mechanism, and less iron
Eansported away from the intestinal epithelial
the plasma by plasma transferrin.

Yet, despite these feedback control
regulating iron absorption, when a person eatl
large amounts of iron compounds, excess iron
ter the blood and can lead to massrve
hemosiderin in the reticulo€ndothelial cells
the body. At times, this can be very damaging.
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OF RED ELOOD CELLS

red blood cells are delivered from the bone mar-
ttto the circulatory system, they nonnally circulate

average of 120 days before being destroyed. Even
mature red cells do not have a nucleus. mito-

or endoplasmic reticulum, they do have cy-
enzymes that are capable of metabolizing

and formine small amounts of adenosine
These enzymes also (l) maintain the plia-

of th€ cell membrane, (2) maintain membrane
of ions, (3) keep the iron of the cells' hemo-

in the ferrous form rather than the ferric form
caus€s the formation of methemoglobin, which

not carry oxygen), and (4) prevent oxidation of the
in the red cells. Even so, with aging, the meta-

systems of the red cells become progressively less
and the cells become more and more fragile,

because their life orocesses wear out.
the red cell membrane becomes fragile, the cell
during passage through some tight spot of the

Many of the red cells self-desuuct in the
where they squeeze through the red pulp of the
Here the spaces between the structural trabeculae
nd pulp, through which most of the cells must

ut only 3 micrometers wide, in comparison with
diameter of the red cell. When the

is removed, the number of abnormal red cells
cells ckculating in the blood increases consider-

of Hemoglobin. When rcd blood cells
rnd release their hemoglobin, the hemoglobin is

almost immediately by macrophages in

Frts of the body, but especially by the Kupffer
the liver and macrophages of the spleen and

. During the next few hours to days, the
release the iron from the hemoelobin and

b€ck into the blood to be carried by uansferrin
h the bone marrow for production of new red
cclls or to the liver and other tissues for storage
form of fenitin. The porphyrin portion of the

molecule is converted by the macrophages,
I series of stages, into the bile pigment bilirr.r-

is released into the blood and later secreted
liver into the bile; this is discussed in relation to

in Chapter 70.

nesns a deficiency of hemoglobin, which can
by either too few red blood cells or too little

in the cells. Some types of anemia and their
causes are the followins.

Anemia. After rapid hemorrhage, the body

but this leayes a low concentration of red blood cells. If
a second hemorrhage does not occur, the red blood cell
concentration usually retums to normal within 3 to 6
weeks.

ln chronic blood loss, a p€rson frequently cannot ab-
sorb enough iron from the intestines to form hemoglo-
bin as rapidly as it is lost. Red cells are then produced
that are much smaller than normal and have too little
hemoglobin inside them, giving rise a microcytic, hy-
pochromic anemia, which is shown in Figure 32-3.

Apfastic Anemia. Bone mafiow apbsia rneans lack of
a functioning bone rnarrow. For instance, a person ex-
posed to gamma ray radiation from a nuclear bomb
blast is likely to sustain complete destruction of bone
manow, followed in a few weeks by lethal anemia.
Likewise, excessive x-ray treatment, cenain industrial
chemicals, and even drugs to which the person might be
sensitive can cause the same effect.

Megaloblastic Anemia, From the earlier discussion of
vitamin Br2, folic acid, and intrinsic factor from the
stomach mucosa, one can readily understand that loss of
any one of these factors can lead to slow reproduction
of the erythoblasts in the bone marrow. As a result,
these grow too large, with odd shapes, and are called
megaloblnsts. Thus, atrophy of the stomach mucosa, as
occws in pemicious anemia, or loss of the entire stom-
ach as the result of surgical total gashectomy can lead
to megaloblastic anemia. Also, patients who have intes-
tinal sprue, in which folic acid, yitamin B12, and other
vitamin B compounds are poorly absorbed, often de-
velop megaloblastic anemia. Because the erythroblasts
cannot proliferate rapidly enough to form normal num-
bers of red blood cells, the cells that are formed a.re
mostly oversized, have bizarre shapes, and have fragile
membranes. These cells mpture easily, leaving the per-
son in dire need of an adequate number of red cells.

Hemolytic Anemia, Different abnormalities of the red
blood cells, many of which are hereditarily acquired,
make the cells fragile, so that they rupture easily as they
go thrcugh the capillaries, especially through the spleen.
Even though the number of red blood cells formed is
normal, or even much greater than normal in some he-
molytic diseases, the red cell life span is so short that
cells are destroyed much faster than they can be formed,
and serious anemia results. Some of these types of ane-
mia are the following.

In hered.itary spherocytosis, the red cells are very
small and spherical, rather than being biconcave discs.
These cells cannot withstand compression forces be-
cause they do not have the normal loose, baglike cell
membrane structure of the biconcave discs. On passing
thruugh the splenic pulp and some other tissues, they
are easily ruptured by even slight compression.

ln sickle cell aneniq, 'Nhich is present in 0.3 to 1.0
per cent of West African and American blacks, the cells
contain an abnormal type of hemoglobin called hemo-
gloDin S, caused by abnormal beta chains of the hemo-lb fluid portion of the plasma in I to 3 days,
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OF RED BLOOD CELLS

red blood cells are delivered from the bone mar-
into the circulatory system, they normally circulate

average of 120 days belore being destroyed. Even
maturc red cells do not have a nucleus. mito-

ia, or endoplasmic reticulum, they do have cy-
enzymes that are capable of metabolizing

and formins small amounts of adenosine
These enzymes also (l) maintain the plia-

of the cell membrane. (2) maintain membrane
of ions, (3) keep the iron of the cells' hemo-

in the ferrous form rather than the ferric form
causes the formation of methemoglobin, which

not carry oxygen), and (4) prevent oxidation of the
in the red cells. Even so. wilh aging. the meta-

systems of the red cells become progressively less
and the cells become more and more fraeile.

because their life orocesses wear out.
the red cell membrane becomes fragile, the cell
during passage through some tight spot of the

Many of the red cells self-destruct in the
wherc they squeeze through the red pulp of the
Here the spaces between the structural trabeculae
red pulp, through which most of the cells must

are only 3 micrometers wide, in comparison with
E-nicrometer diameter of the red cell. When the

is removed, the number of abnormal red cells
old cells circulatins in the blood increases consider-

of Hemoglobin. When red blood cells
and release their hemoglobin, the hemoglobin is

almost immediately by macrophages in
pans of the body, but especially by the Kupffer
0f the liver and macrophages of the spleen and
nanow. During the next few hours to days, the

release the iron from the hemoslobin and
it back into the blood to be carried bv transferrin
to the bone marrow for production of new red
cells or to the liver and other tissues for storage
form of fenitin. The porphyrin portion of the

molecule is converted by the macrophages,
a sedes of stages, into the bile pigment Dilira-

which is rcleased into the blood and later secreted
liver into the bile: this is discussed in relation to

function in Chapter 70.

AI{EMIAS

means a deficiency of hemoglobin, which can
by either too few red blood cells or too little

in the cells. Some types of anemia and their
causes are the following.

loss Anemia. After rapid hemonhage, the body

but this leaves a low concentration of red blood cells. If
a second hemorrhage does not occur, the red blood cell
concentration usually retums to normal within 3 to 6
weeks.

In chronic blood loss, a person frequently cannot ab-
sorb enough iron from the intestines to form hemoglo-
bin as rapidly as it is lost. Red cells are then produced
that are much smaller than normal and have too little
hemoglobin inside them, giving rise to microcytic, h!-
pochromic anemia, which is shown in Figure 32-3.

Apfastic Anemia. Bone marrow apla.ria means lack of
a functioning bone marrow. For instance, a person ex-
posed to gamma ray radiation from a nuclear bomb
blast is likely to sustain complete deshuction of bone
manow, followed in a few weeks by lethal anemia.
Likewise, excessive x-ray treatment, certain industrial
chemicals, and even drugs to which the person might be
sensitive can cause lhe same effect.

Megaloblastic Anemia. From the earlier discussion of
vitamin Br2, folic acid, and intrinsic factor from the
stomach mucosa, one can readily understand that loss of
any one of these factors can lead to slow reproduction
of the erythoblasts in the bone marrow. As a result,
these grow too large, with odd shapes, and are called
megaloblasts. Thus, atrophy of the stomach mucosa, as
occvs in pernicious anemia, or loss of the entire stom-
ach as the result of surgical total gastrectomy can lead
to megaloblastic anemia. Also, patients who have intes-
tinal sprue, in which folic acid, vitamin Brr, and other
vitamin B compounds are poorly absorbed, often de-
velop megaloblastic anemia. Because the erythroblasts
cannot proliferate rapidly enough to form normal num-
bers of red blood cells, the cells that are formed are
mostly oversized, have bizarre shapes, and have fragile
membranes. These cells rupture easily, leaving the per-
son in dire need of an adequate number of red cells.

Hemolytic Anemia. Different abnormalities of the red
blood cells, many of which are hereditarily acquired,
make the cells fragile, so that they rupture easily as they
go through the capillaries, especially through the spleen.
Even though the number of red blood cells formed is
normal, or even much greater than normal in some he-
molytic diseases, the red cell life span is so short that
cells are destoyed much faster than they can be formed,
and serious anemia results. Some of these types of ane-
mia are the following.

In hereditary spherocytosis, the red cells are very
small and spherical, rather than being biconcave discs.
These cells cannot withstand compression forces be-
cause they do not have the normal loose, baglike cell
membrane structure of the biconcave discs. On passing
through the splenic pulp and some other tissues, they
are easily ruptured by even slight compression.

lt sickle celL anemia, which is present in 0.3 to 1.0
per cent of West African and American blacks, the cells
contain an abnormal type of hemoglobin called hemo-
gloDin S, caused by abnormal beta chains of the hemo-the fluid ponion of lhe plasma in I to 3 days.
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globin molecule, as explained earlier in the chapter.
When this hemoglobin is exposed to low concentrations
of oxygen, it precipitates into long crystals inside the
red blood cell. These crystals elongate the cell and give
it the appearance of being a sickle, rather than a bicon-
cave disc. The precipitated hemoglobin also damages
the cell membrane, so that the cells become highly frag-
ile, leading to serious anemia. Such patients frequently
go into a vicious circle called a sickle cell disease "cri-
sis," in which low oxygen tension in the tissues causes
sickling, which causes ruptured red cells, this in tum
causing still further decrease in oxygen tension and still
more sickling and red cell destruction. Onca the process
starts, it progresses rapidly, leading to serious decrease
in red blood cell mass within a few hours and, often,
death.

In erythroblastosis /elalis, Rh-positive red blood cells
in the fetus are attacked by antibodies from an Rh-
negative mother. These antibodies make the Ri-positive
cells fragile, leading to rapid rupture and causing the
child to be bom with serious anemia. This is discussed
in Chapter 35 in relation to the Rh factor of blood. The
extremely rapid formation of new red cells to make up
for the destoyed cells in erythroblastosis fetalis causes a
large number of early blast forms of red cells to be
released into the blood.

T
EFFECTS OF ANEMIA ON THE CIRCULATORY
SYSTEM

The viscosity of the blood, which was discussed in
Chapter 14, depends almost entirely on the blood con-
centration of red blood cells. In severe anemia, the
blood viscosity may fall to as low as 1.5 times that of
water rather than the normal value of about 3. This
decreases the resistance to blood flow in the peripheral
blood vessels so that far greater than normal quantities
of blood then flow through the tissues and retum to the
heart. Moreover, hypoxia resulting from diminished
transport of oxygen by the blood causes the peripheral
tissue vessels to dilate, allowing still further increase in
return of blood to the heart, increasing the cardiac out-
put to a still higher level, sometimes to levels three to
four times normal. Thus, one of the major effects of
anemia is greatly increased pumping workload on the
heart.

The increased cardiac output in anemia partially off-
sets the reduced oxygen-carrying effect of anemia be-
cause even though each unit quantity of blood carries
only small quantities of oxygen, the rate of blood flow
may be increased enough so that almost normal quanti-
ties of oxygen are actually delivered to the tissues.
However, when this same person with anemia begins to
exercise, the hean is not capable of pumping much
greater quantities of blood than it is already pumping.
Consequently, during exercise, which greatly increases
tissue demand for oxygen, extreme tissue hypoxia re-
sults. and acute cardiac failure ensues.

I
POLYCYTHEMIA

Secondary Polyct/themia. Whenever the tissues
come hypoxic because of too Iittle oxygen in the
sphere. such as at high altitudes. or because of failure
delivery of oxygen to the tissues, as occurs in
failure, the blood-forming organs automatically
large quantities of extra red blood cells. This
is called secondary polycythemia, and the red cell
commonly rises to 6 to 7 million/mmr, about 30 p€r
above normal.

A common type of secondary polycytbemia,
phy,sioLogic poLycythemia, occurs in natives who live
altitudes of 14,000 to 17,000 feet. The blood count
generally 6 to 7 million/mm3; this is associated with
ability of these people to perform high levels of
uous work even in a rarefied atmosphere,

Polycythemia Vera (Erythremia). In addition to
people who have physiologic polycythemia, others
a pathological condition known as polycythemia verq
which the red blood cell count may be 7 to 8
mmr and the hematocrit 60 to 70 Der cent.
vera is caused bv a senetic aberation that occurs in
hemocytoblastic cell line that produces the blood
The blast cells no longer stop producing red cells
too many cells are already present. This caus€s
Droduction of red blood cells in the same manner
tumor of a breast causes excess oroduction of a
type of breast cell. It usually causes excess
of white blood cells and platelets as well.

In polycythemia vera, not only does the
increase, but the total blood volume also increases,
some occasions to almost twice the normal level.
result, the entire vascular system becomes intensely
gorged. In addition, many of the capillaries
plugged by the viscous blood because the viscosity
the blood in polycythemia vera sometimes
from the normal of 3 times the viscosity of water t0
times that of water.

Effect of Polycythemia on the
circulatory System

Because of the greatly increased viscosity of the
in polycythemia, the flow of blood through the
is often very sluggish. ln accordance with the
that regulale the relurn of blood to the heafl. as
cussed in Chapter 20, increasing the viscosity tendr
decrease the rate of venous return to the heart.
versely, the blood volume is greatly increased in
themia. which tends to increase the venous retum.
ally, the cardiac output in polycythemia is not far
normal because these two factors more or less
each other.

The arterial oressure is also normal in most
with polycythemia, though in about one third of
the arterial oressure is elevated. This means lhat
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pressure-regulating mechanisms can usually offset
hndency lor increased blood viscosily lo increase

resistance and, thereby, increase arterial pres-
Beyond certain limits, however, these regulations

color of the skin depends to a great extent on lhe
of blood in the skin subpapillary venous

In polycythemia vera, the quantity of blood in

JW: Regulation of red blood cell
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this plexus is geatly increased. Furthermore, because
the blood passes sluggishly through the skin capillaries
before entering the venous plexus, a larger than normal
quantity of hemoglobin is deoxygenated. The blue color
of all this deoxygenated hemoglobin masks the red color
of the oxygenated hemogtobin. Therefore, a person with
polycythemia vera ordinarily has a ruddy complexion
with a bluish (cyanotic) tint to the skin.
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